Cardiac myofibrils from cardiomyopathic hamsters exhibit elevated Mg2+ ATPase activity and a parallel upward shift of the calcium ATPase dose response curve. To explore the mechanism, myofibrils from control and cardiomyopathic hamster hearts were incubated with isolated troponin-tropomyosin complex (Tn.Tm) from cardiomyopathic and control hamster or from dog hearts. Tn.Tm from control hamster or dog hearts restored normal Mg2e ATPase activities to myofibrils from myopathic hearts. However, the maximum ATPase response to calcium stimulation was less in cardiomyopathic myofibrils compared to controls, even when control Tn.Tm was included. Electrophoretic patterns of Tn.Tm from myopathic and control hearts were similar. Electrophoresis of the hamster myofibrils mixed with dog cardiac Tn.Tm and then washed demonstrated binding of this complex to myopathic myofibrils.
Introduction
Previous studies from our laboratory have demonstrated that cardiac myofibrils from myopathic hamsters have multiple abnormalities in the contractile machinery (1) . Besides the shifts in myosin isoenzymes and diminished myosin ATPase activity, studies conducted on reconstituted actomyosin or in purified cardiac myofibrils suggest that the regulatory control by the proteins, troponin-tropomyosin (Tn.Tm)1 may be altered. The role of troponin-tropomyosin (Tn.Tm) in physiological and pathological states of skeletal and cardiac muscle have only been explored in a limited way (2, 3) . Myofibrillar proteins from fast and slow striated muscles contain multiple forms of fast and slow troponin isoforms (4) (5) (6) .
Exchange studies using hamster skinned skeletal muscle fibers demonstrate that myocardial troponin C is more sensitive to tension control than skeletal muscle troponin C (7). Cardiac myofibrils isolated from neonatal and adult rat hearts contain different isoforms of troponin I (6) . Additionally, it has been suggested that the changes in troponin T isoforms differentially modulate Ca2" binding and activation of force generation in the developing myocardium (4) . Varying types of troponin I have been demonstrated in developing normal and dystrophic chicken skeletal muscle. The loss of Ca2" sensitivity of myocardial actomyosin in infarcted myocardium has been attributed to alterations in the regulatory protein complex (8, 9) . In a recent study from our laboratory, regulatory proteins from skeletal and cardiac muscle of myopathic hamsters were shown to have decreased inhibitory action on Mg2'
ATPase activity of reconstituted actomyosin (10) . The present investigation was undertaken to explore the role of the cardiac troponin-tropomyosin complex in the regulation of cardiac myofibrils isolated from cardiomyopathic hamsters. Cross hybridization experiments were conducted under soluble conditions by mixing the cardiac myofibrils from myopathic hamsters with cardiac troponin-tropomyosin complex from control hamsters to focus on Mg2' ATPase and responses to adding and deleting Ca2+. The results suggest an abnormality in the Tn.Tm complex which increases Mg2' ATPase and elevates the free Ca2' dose response curves of cardiac myofibrils from myopathic hamsters.
Methods
ATP, DTT, EDTA, EGTA, and proteolytic enzyme inhibitors: PMSF, Leupeptin, N-a-P-Tosyl-L-lysine chloromethyl ketone (TLCK), and Pepstatin were obtained from Sigma Chemical Co. (St. Louis, MO). Genetically myopathic male hamsters (TO's) were bred at the University of Toronto. The time point selected for study was 6-7 mo of age. For controls, random bred control (C) animals of the same age were used. Control and myopathic animals were sacrificed at the same time and their heart tissue processed and analyzed simultaneously. Animals were anesthetized with ether and their hearts removed. After washing the hearts, the atria and great vessels were removed and the whole ventricular portions were homogenized with a homogenizer (Tekmar Co., Cincinnati, OH). For the preparation ofcardiac myofibrils, two to three hearts were pooled. 25-30 hearts (10 g muscle) were pooled in each group for purification of the regulatory proteins. For cardiac studies on hybridization of myofibrils from myopathic hamsters with canine regulatory complex; cardiac dog Tn.Tm was isolated from the ether powder of normal Mongrel dog tissue (50 g). All the tissues were stored at -70'C in 50% glycerol containing 30 mM KCI, 10 mM KPO4 (pH 7.0), 5 mM #l-MSH (ft-mercaptoethanol) before the preparation of different proteins. There was no difference in actomyosin or myofibrillar ATPase activity if hearts were prepared immediately or after a period of storage.
ATPase measurements. Cardiac ATPase activity of myofibrils or actomyosin was assayed in a final volume of 1 ml at pH 7.0 at 250C or 30'C using 0.2-0.25 mg of protein in each assay. The mixture contained 50 mM KCG, 20 mM imidazole buffer (pH 7.0), 3 mM Mg2+, 2 mM ATP, 6 mM NaN3, 0.1 mM CaCI2, or 2.5 mM EGTA. Mg2+
ATPase was measured in the absence offree Ca2" but in the presence of 3 mM Mg2`and 2.5 mM EGTA. Mg2+ Ca2+ ATPase is defined as Ca2+ stimulated Mg2+ ATPase and was assayed in the presence of Mg2+ (3 mM) using different concentrations of Ca2' buffered by EGTA. Ca2+-EGTA buffers were prepared according to the procedure of Hathaway et al. (1 1).
Incubations and microphosphate determinations were carried out as reported previously (12) . Protein content was determined by the colorimetric Biuret or Biorad methods (13, 14) .
SDS-PAGE. SDS-PAGE was carried out on all protein preparations using 5.0-16.5% and 10-15% gradient slab gels (15) . Scans ofthe gels were performed on an EC-apparatus recorded at 605 nM, attached to an integrator (model 3390A; Hewlett Packard Co., Palo Alto, CA).
Preparation ofproteins. Myofibrils were isolated and purified with Triton X-100 by the modified technique of Solaro et al. (16) . Proteolytic enzyme inhibitors PMSF (0.1-0.2 mM), Pepstatin (1 ug/ml), Leupeptin (1 ug/ml), and TLCK (0.1 mM) were included in the isolation mixture (1) . Cardiac myosin from normal random bred control (C) and myopathic (M) hamsters was prepared by methods described previously (12, 17) . Actin was purified from rabbit skeletal muscle (18). When pure actin and myosin were studied together the ratio was 2:1 (wt/wt) and this mixture is denoted as actomyosin throughout the paper.
Troponin and tropomyosin (Tn. Tm). Tn.Tm complex was prepared by a slight modification ofthe methods ofEisenberg and Kielley Statistics. Statistical comparisons between multiple data points among the various preparations were subjected to analysis of variance followed by Newman Keuls multiple comparison test to determine significance at the P < 0.05 level (22) . 3 and 4) . These include a doublet in the Tm region and an additional band that migrates in the TnC vicinity of the dog cardiac preparation. That this complex corrected abnormal ATPase activity of myopathic myofibrils is shown as discussed below (see Figs. 2 and 3 ). Fig. 2 shows the myofibrillar ATPase and its response to calcium. The native myofibrils from myopathic hearts exhibited the parallel upward shift ofthe curve compared to controls observed previously (1) . The addition of control Tn.Tm did not have any affect on the Mg2' or the Ca2+ Mg2' ATPase activity of control myofibrils, but when myopathic myofibrils were incubated with control Tn.Tm, the curve appeared to be normal. Tn.Tm in control and myopathic myofibrils are demonstrated. This is confirmed in (group IV) shown in the table are the control experiments conducted for reassociated actomyosin with '251-Tn.Tm. '251-hybridized myofibrillar preparations qualitatively had similar enzymatic activity profiles as the cold preparations. Because binding of '251I-Tn.Tm to myofibrils required solubilization in high salt and reprecipitating the hybridized myofibrils over a 48-h time period, the overall activity of the iodinated preparations was slightly lower than with the cold myofibrillar enzymatic activity.
Discussion
The purpose of this research was to explore the role of the cardiac regulatory proteins, troponin-tropomyosin, in the abnormal enzymatic activity observed in myofibrils from cardiomyopathic hamster hearts (1) . Previous reports have demonstrated a number of biochemical changes that could partially explain diminished function in these hearts. These include alterations ofthe sarcoplasmic reticulum (23, 24) , cardiac myosin and myosin heavy chain isoenzymes (1). The observations that ATPase activity of myopathic myofibrils was elevated suggested the possibility that the troponin-tropomyosin complex inhibits Mg2+ ATPase activity less completely in hearts from myopathic hamsters than in hearts from controls. The responsiveness ofthe myofibrils to calcium appeared to be close to normal. The present study demonstrates that the ab- normalities in Mg2' ATPase of the myopathic myofibrils can be reversed by the addition oftroponin-tropomyosin complex from control hearts. We had previously shown that adding myopathic Tn.Tm to a mixture ofcontrol hamster myosin and actin elevated Mg2' ATPase similar to that seen in myopathic myofibrils (1, 10) . To demonstrate that the troponin-tropomyosin from myopathic hearts is directly responsible, actomyosin reconstituted from pure control myosin and from skeletal actin was complexed with cold Tn.Tm or '251-troponintropomyosin from myopathic hearts, and this produced a calcium response curve (Fig. 5) , quite similar to that seen in myopathic myofibrils (Fig. 2) . The effect of the troponin-tropomyosin appears not to be solely due to mixing excess regulatory complex with the myofibrils, but results from actual binding. This is strongly supported by the studies using '251I-labeled troponin-tropomyosin which was incubated with myofibrils and were then washed extensively. Binding was demonstrated to be similar in the various preparations (Fig. 7 and Table I ). These myofibrils incubated with the radioactive troponin-tropomyosin (Table  II) acted similarly to preparations mixed with cold troponintropomyosin. This provides strong support that binding of troponin-tropomyosin took place and that it is the bound complex which is responsible for restoring normal basal activity to the myopathic myofibrils. Further, the studies demonstrating that cold troponin-tropomyosin from dog cardiac muscle, which has a different electrophoretic mobility on SDS gels than hamster cardiac troponin-tropomyosin (Fig. 1), could restore normal Mg2+ ATPase activity to myofibrils from myopathic hearts is confirmatory evidence that the abnormality resided in the troponin-tropomyosin complex from the myopathic hearts. (25) , and the possibility exists that the complex from myopathic hearts is more susceptible to proteolysis in vitro than Tn.Tm from normal hearts. However, the inclusion ofprotease inhibitors in the extraction medium makes this less likely. The similarity of the electrophoretic SDS gel patterns is evidence against differential in vitro proteolysis.
The current studies were conducted using myopathic animals at 7 mo of age. We have previously demonstrated alterations in the myofibrillar calcium dose response curve to occur in younger animals (1), before clear evidence of histologic cardiomyopathy (26), so it is possible that the abnormalities in the complex occur before the onset of heart failure. Whether this abnormality has physiological implications and is responsible in part for cardiac dysfunction as the animal matures cannot be determined from these studies, but it is possible that an increased resting level of ATPase activity would cause greater resting ATP use, and oxygen demand in a heart where coronary microvascular spasm could decrease focal oxygen supply (26).
The abnormality in troponin-tropomyosin observed in these studies might also be translated to pathophysiologic states in other experimental animals and humans. Abnormalities in myofibrillar dose response curves have been observed in experimental diabetic cardiomyopathy (24, 27) , pressure induced overload without and with congestive heart failure (28) and in humans with hypertensive congestive heart failure, ischemic cardiomyopathy and idiopathic cardiomyopathy (29, 30) . The possibility that the myofibrillar calcium control proteins are partially responsible for myocardial failure is in concert with the observation that there is ample or even increased myoplasmic calcium in cardiomyopathic states (31) and agrees with the hypothesis of Blinks and Endoh (32) that a major abnormality may occur in the conversion of calcium binding to mechanical function in abnormal cardiac muscles.
